INTRODUCTION
============

*Plautia stali intestine virus* (PSIV) and *Cricket paralysis virus* (CrPV) are members of the family *Dicistroviridae* ([@B1]). Known dicistroviruses contain a structurally conserved intergenic region-internal ribosome entry site (IGR-IRES) for translation of the capsid protein. Translation initiation mediated by the IRES of dicistroviruses does not require base-pair interaction between an AUG initiation codon and initiator Met-tRNA ([@B2; @B3; @B4]). The IRES elements of dicistroviruses share a common secondary structure domain arrangement, constructed by three pseudoknots (PK I, PK II, PK III). Because of this similarity in IRES secondary structure, it has been thought that IRES elements function via the same mechanism ([@B5]).

Usually, assembly of the eukaryotic 80S ribosome on normal mRNA is completed under the control of eIFs ([@B6]). In contrast, ribosomal assembly occurs directly on the dicistroviral IGR-IRES in the absence of eIFs ([@B4],[@B7],[@B8]). The nucleotides in the IRES that interact with 40S ribosomes have been attributed to the 5′ region of the IRES by chemical and enzymatic footprint analyses ([@B7],[@B9]), whereas the 3′ region of the IRES, which consists of PK I that is responsible for determining the reading frame of the mRNA, has been shown to be exposed to the interface side at very close to the P site of the 40S ribosome ([@B10]). Although the IGR-IRES of dicistroviruses is recognized by ribosomes from various eukaryotes, such as insects, yeast, human and wheat, ribosomes from *E. coli* cannot recognize the IGR-IRES (Yamamoto and Uchiumi, unpublished data) and the S30 extract of *E. coli* cannot conduct IGR-IRES-mediated translation ([@B11]).

A cryo-electron microscopy study has reconstituted an image of the IGR-IRES of CrPV docking on the human ribosome ([@B12]). At ∼20 Å resolution, the model reveals several structural elements of the ribosome that contact the IGR-IRES, such as helices 18, 30 and 34. However, biochemical evidence showing one-to-one correspondence between nucleotides in the IRES and structural elements of the ribosome remains lacking.

Here, to identify sites on the 40S ribosomal subunit that interact with the IGR-IRES of PSIV, chemical modification and crosslinking analyses against the 18S rRNA and 40S ribosomal proteins were carried out. The crosslinking results suggest that the IGR-IRES interacts mainly with ribosomal proteins, rather than the 18S rRNA. In addition, the ribosomal protein S25 (rpS25), which was crosslinked to the conserved domain 2 region in the IRES, does not have a prokaryotic counterpart, explaining why IGR-IRES-mediated translation does not occur with bacterial ribosomes.

MATERIALS AND METHODS
=====================

40S ribosome isolation
----------------------

Rabbit 40S ribosomes were prepared as described ([@B9]). *Drosophila* ribosomes were prepared according to Bradford and Sullivan ([@B13]) with modifications. In brief, *Drosophila melanogaster* strain Canton-S was maintained at 25°C and fed with Formula 4--24 medium (Carolina Biological Supply). Adult insects were homogenized in 20 mM Tris-HCl (pH 7.5), 0.25 M sucrose, 10 mM MgCl~2~, 25 mM KCl, 1 mM DTT and 1 mM phenylmethylsulfonylfluoride at 0°C. The slurry was adjusted to a concentration of 0.5% deoxycholate, and centrifuged at 20 000 × *g* for 10 min at 4°C. The supernatant was decanted and filtered through cotton gauze to exclude the lipid layer. The filtered supernatant was centrifuged at 124 000 × *g* for 20 min at 4°C. The precipitate was suspended in buffer A (20 mM Tris-HCl pH 7.5, 5 mM MgCl~2~, 100 mM NH~4~Cl and 1 mM DTT) containing 0.25 M sucrose. The solution was layered onto a 3-fold excess (v/v) of buffer A containing 1 M sucrose, and centrifuged at 124 000 × *g* for 1 h 30 min at 4°C. The crude polysomal pellet was treated with puromycin and high-salt buffer, and subjected to sucrose density gradient centrifugation to separate the 40S and 60S ribosomes ([@B14]).

IRES preparation
----------------

Plasmid pT7D1-2-3, which contains PSIV nt 6005--6192 with base substitutions to facilitate T7 transcription and HincII digestion ([@B9]), was modified by PCR to replace the HincII site immediately downstream of PK I with a HindIII site. A fragment corresponding to nt 6286--6473 of himetobi P virus (HiPV) was prepared by PCR from a plasmid containing cDNAs of the virus ([@B15]), and ligated into pT7Blue (Novagen). The HiPV IRES was also modified to facilitate T7 transcription and HindIII digestion. The PSIV and HiPV IRES elements were further truncated by PCR to delete the domain 3 regions (nts 6147--6192 and 6427--6473, respectively). Domains 1--2 of the IRES elements of black queen cell virus (BQCV) (nt 5647--5792), CrPV (nt 6029--6170) and Triatoma virus (TrV) (nt 5925--6067) were prepared by PCR using pairs of long synthetic DNAs corresponding to the first and second halves of the region; these pairs had complementary sequences at the 3′ termini, and HindIII and EcoRI sites at the 5′ termini of the former and latter fragment, respectively. The amplified fragments were digested with HindIII and EcoRI, and ligated into the corresponding sites of pT7Blue.

IRES elements containing 4-thiouridine (s^4^U) were prepared by a Riboprobe T7 system (Promega). Because the incorporation efficiency of s^4^U is about 0.2 times that of U ([@B16]), a 5-fold molar excess of 4-thiouridine-5′-triphosphate (s^4^UTP, Trilink biotechnologies) over UTP was used. For autoradiography, \[α-^32^P\]ATP and \[α-^32^P\]CTP were also included in the reaction according to the manufacturer\'s recommendations. The IRES of encephalomyocarditis virus (EMCV) was prepared from EcoRV-digested pCITE4b (Novagen).

Chemical probing
----------------

Dimethyl sulfate (DMS) and 1-cyclohexyl-3-(2morpholinoethyl)carbodiimide metho-*p*-toluene sulfonate (CMCT) footprint analyses were done in 2 mM Mg^2+^ as described ([@B9]). After incubation with rabbit 40S ribosome (0.5 pmol) and renatured IRES (2.5 pmol), modified nucleotides were monitored by primer extension using 15 primers complementary to rabbit 18S rRNA nucleotides 371-351, 467-450, 576-550, 674-652, 767-750, 874-851, 971-950, 1072-1052, 1176-1150, 1262-1242, 1370-1350, 1479-1457, 1566-1550, 1669-1650 and 1863-1843.

4-Thiouridine(s^4^U)-mediated crosslinking
------------------------------------------

For the analysis of crosslinking between the IRES and the 18S rRNA, the rabbit 40S ribosome was incubated with 2- and 5-fold molar excess of IRES element containing s^4^U for 10 min at 37°C in 20 mM Tris-HCl (pH 7.5), 2 mM MgCl~2~, 200 mM NH~4~Cl and 6 mM 2-mercaptoethanol. The reaction was irradiated for 15 min at room temperature with a illuminator (*λ*~Max~ at 365 nm) using a light intensity of about 100 mW/cm^2^. The sample was adjusted to a concentration of 0.5% SDS and 5 mM EDTA, treated twice with phenol--chloroform, precipitated with ethanol, and then used for primer extension.

For the analysis of crosslinking between the IRES elements and ribosomal proteins, s^4^U-containing IRES elements that had been body-labeled with \[α-^32^P\]ATP and \[α-^32^P\]CTP were mixed with a 2-fold molar excess of the *Drosophila* 40S ribosome in 30 mM K-HEPES (pH7.0), 10 mM MgCl~2~ and 125 mM potassium acetate. After irradiation with UV at 365 nm, the reaction was subjected to Microcon YM-100 (Amicon) filters to concentrate the IRES--40S complexes and to remove free IRES. The solution was adjusted to 40 mM Tris-HCl (pH 7.5), 3 mM EDTA and 5000 U/ml RNase T1 before RNase A treatment. RNase A was added at a concentration of 0.2 and 2 μg/ml for weak and standard digestion, respectively, and incubated for 2.5 h at 25°C. Ribosomal proteins were prepared by the acetic acid method ([@B17]), and resolved by two-dimensional gel electrophoresis.

Two-dimensional gel electrophoresis and identification of protein spots
-----------------------------------------------------------------------

Radical-free and highly reducing (RFHR) two-dimensional gel electrophoresis was performed essentially as described ([@B18]) using a modified electrophoresis apparatus (Nippon eido). Zero-, first- and second-dimension polyacrylamide gels containing 8 M urea were prepared at 8, 8 and 15%, respectively, and pre-run with a radical scavenger, 2-mercaptoethylamine. Ribosomal proteins were reduced for 30 min at 40°C in 8 M urea and 0.2 M 2-mercaptoethanol, and concentrated by zero-dimension electrophoresis using anodic (200 mM glycine, 220 mM cysteine-HCl, 28 mM acetic acid, 4 M urea) and cathodic (12 mM KOH, 13 mM acetic acid) buffers. The sample band was then excised and subjected to first-dimension electrophoresis, which separated the proteins on the basis of charge using anodic (0.4 M Tris, 0.5 M boric acid, 21.5 mM EDTA, 6 M urea, 44 mM 2-mercaptoethylamine) and cathodic (0.4 M Tris, 0.5 M boric acid, 21.5 mM EDTA, 6 M urea, 87 mM acetic acid) buffers. The gel was put on the second-dimension gel, and subjected to electrophoresis using anodic (200 mM glycine, 220 mM cysteine-HCl, 28 mM acetic acid, 6 M urea) and cathodic (200 mM glycine, 28 mM HCl, 28 mM acetic acid) buffers. The 2D gel was stained with Coomassie brilliant blue or a Silver Stain Plus kit (Bio-Rad), and analyzed with ImageMaster 2D Platinum (GE Healthcare Bio-Sciences). Proteins crosslinked with ^32^P-labeled RNA fragments were detected using a BAS-2500 system (Fuji Photo Film).

Six protein spots in the 2D gel were excised and identified by mass spectrometry using a Mascot database search system.

Western blot
------------

To obtain antibody to *Drosophila* rpS25, a 13-mer peptide (KKDAKSSAKQPQK) corresponding to residues 4--16 in the amino acid sequence of *Drosophila* rpS25 was synthesized. An additional cysteine residue at the C-terminus of the peptide was conjugated to a carrier protein, Keyhole limpet hemocyanin, by the *m*-Maleimidobenzoyl-*N*-hydroxysuccinimide ester method, and then used to immunize mice. The polyclonal antibody obtained was purified by peptide-conjugated affinity chromatography (Hokkaido System Science) to give a total yield of 1.34 mg (1.92 mg/ml). The crosslinking reaction was performed in 20-μl reaction volumes containing 10 mM Tris-HCl, pH 7.5, 100 mM NH~4~Cl, 10 mM MgCl~2~, 3 mM 2-mercaptoethanol, 7.5 pmol *Drosophila* 40S ribosomal subunits and 45 pmol s^4^U-labeled or unlabeled RNAs. After a 2-min digestion with 40 ng of RNase A, samples were mixed with sample loading buffer and separated by 15% SDS-PAGE. The blotted PVDF membrane was treated with 1000-fold diluted polyclonal antibody directed against rpS25 and 10 000-fold diluted secondary antibody (Peroxidase-conjugated Affinipure F(ab′)~2~ fragment goat anti-mouse IgG, Jackson ImmunoResearch Laboratories), and then detected with ECL-Plus western blotting detection reagents (GE Healthcare Bio-Sciences) according to the manufacturer\'s recommendations.

RESULTS AND DISCUSSION
======================

No interaction between the IGR-IRES and the 18S rRNA of the rabbit 40S subunit by chemical probing
--------------------------------------------------------------------------------------------------

DMS modifies single-stranded adenine and cytosine, whereas CMCT modifies single-stranded uracil and guanine. Modifications by these chemicals are introduced at the site for hydrogen-bond formation for base--pair interaction, thus reverse transcription of the modified RNA is arrested at the −1 position of the modified base ([@B19]). We previously identified that nucleotides UU~6089--6090~ in the IGR-IRES of PSIV ([Figure 1](#F1){ref-type="fig"}) are protected from modification by CMCT in the presence of the 40S ribosome ([@B9]). Because these two uracil residues are absolutely conserved in all known IGR-IRES elements of dicistroviruses ([@B20]), we considered that they could be candidates for sites of interaction with the 18S rRNA. Our footprint analyses using 15 primers against the rabbit 18S rRNA, however, detected no nucleotides that were obviously protected in the presence of PSIV IRES (data not shown). Figure 1.Secondary structure model of the PSIV IGR-IRES, showing nucleotides that are protected from chemical probes in the presence of the 40S ribosomal subunit. Dots and asterisks indicate the base--pair interaction for stems and pseudoknots, respectively. To facilitate description of the IRES structure, the IRES is divided into domain 1, domain 2 and domain 3, as indicated by the dotted lines. Domain 2 is further divided into domains 2a and 2b. Nucleotides that are protected, in the presence of the 40S ribosome, from DMS modification are marked with circles and those from CMCT are marked with squares. Nucleotides that are protected from hydroxyl-radical cleavage are shaded (Modified from Nishiyama *et al*. (9)).

Since we failed to detect IRES interaction sites in 18S rRNA by footprinting, we further examined the interaction by photo-crosslinking using 4-thiouridine (s^4^U). RNAs containing s^4^U forms zero-length crosslinks after irradiation with near-UV light (330--370 nm) ([@B21]). To facilitate the assignment of signals, we deleted the domain 3 region of the PSIV IRES because domains 1--2 of IGR-IRES elements, comprising nucleotides 6005--6149 (see [Figure 1](#F1){ref-type="fig"}), can bind to the 40S ribosome independently of domain 3 ([@B7],[@B9],[@B22]). After extraction of 18S rRNA from the irradiated reaction mixture containing s^4^U-labeled domains 1--2 of the PSIV IRES, primer extension was performed to detect crosslinked sites. Because crosslinked nucleotides were barely detectable in experiments using a 1:2 molar ratio of the 40S ribosome and s^4^U-labeled domains 1--2, we increased the molar ratio to 1:5. In this condition, several nucleotides in the 18S rRNA were reproducibly crosslinked, however, the positions of these nucleotides appeared to be located on the solvent side of 40S ribosome, including expansion segments ([@B23]) (data not shown). In addition, at the 1:5 ratio, the nucleotides that were crosslinked with the PSIV IRES and the HiPV IRES differed. These observations indicate that the nucleotides in 18S rRNA are not major contributors to the strong binding between the IGR-IRES and the 40S ribosome. We conclude that the s^4^U-mediated crosslinks to 18S rRNA are secondary signals, after the authentic IRES-binding region is occupied.

Interaction between the IGR-IRES and *Drosophila* 40S ribosomal proteins
------------------------------------------------------------------------

Next we preliminarily tested whether the conserved AUUU loop crosslink to rabbit 40S ribosomal proteins. Synthesized domain 2 RNA fragment which contains s^4^U at position 6090 was supposed to crosslink to a smaller protein than rpS5 (see Supplementary Data S1).

Since the amino acid sequences of the ribosomal proteins of the rabbit 40S subunit have not been determined in full, we prepared the 40S ribosome of *D. melanogaster* to facilitate the identification of ribosomal proteins that may crosslink to the IRES. Ribosomal proteins were separated by RFHR 2D polyacrylamide gel electrophoresis. This system is particularly suitable for small and basic proteins, such as ribosomal proteins ([@B18]). In our experimental condition, at least 30 protein spots were visible by Coomassie brilliant blue staining of gels on which a large amount of *Drosophila* 40S ribosome was electrophoresed (data not shown). Six protein spots were excised and identified by mass spectrometry as rpS2, rpS4, rpS6, rpS19, rpS25 and rpS26.

[Figure 2](#F2){ref-type="fig"}A shows the silver-stained gel pattern of 40 pmol of *Drosophila* 40S ribosomal subunits. After a standard RNase A treatment (2 μg/ml) of the crosslinked reaction mixture containing the 40S ribosome and domains 1--2 of the PSIV IRES internally labeled with ^32^P and s^4^U, six weak signals (signals 1--6) and a single strong signal (signal 7) were detected in the radiograph ([Figure 2](#F2){ref-type="fig"}B). In the 2D gel, proteins that are crosslinked should shift to positions with a more negative charge and a higher molecular mass in comparison to their original spot, because crosslinked RNA affects the electrophoretic mobility of the original proteins. Indeed, crosslinked samples digested with smaller amounts of RNase A (0.2 μg/ml) showed an extensively smeared image in a radiograph ([Figure 2](#F2){ref-type="fig"}C). When we overlapped the images of the silver-stained protein spots and signals from the autoradiograph, extrapolation of signal 7 in [Figure 2](#F2){ref-type="fig"}C suggested that this signal was shifted from the original spot of rpS25. Figure 2.Identification of a ribosomal protein crosslinked with s^4^U-labeled PSIV IRES domains 1--2. The origin of the first-dimension gel electrophoresis is indicated by an open triangle. (**A**) Silver-stained gel after separation of 40S ribosomal proteins. (**B**) Autoradiograph of a second-dimension gel. The seven signals that were reproducibly detected are indicated by broken squares and numbered from 1 to 7. (**C**) Autoradiograph of a second-dimension gel containing samples that were incompletely digested with RNase A. The locations of spots of silver-stained proteins are marked with dotted circles. Ribosomal proteins S2, S4, S6, S19, S25 and S26 were identified by mass spectrometry using protein spots excised from a similarly prepared gel.

When we carried out similar experiments using the domain 1--2 regions of the IRES elements of other dicistroviruses, including BQCV, CrPV and TrV, a similar signal corresponding to signal 7 was observed in all three (data not shown), suggesting that the protein interaction that was detected as a crosslinked component, signal 7, is conserved in IGR-IRES elements.

The ribosomal protein rpS25 interacts with IGR-IRES
---------------------------------------------------

To confirm whether signal 7 was the shifted ribosomal protein rpS25, western blot analyses using antibodies raised against synthesized peptide of the N-terminal region of *Drosophila* rpS25 were carried out. The polyclonal antibody obtained detected a single band in *Drosophila* ribosome, but detected no bands in ribosomes of wheat, rabbit, brine shrimp and the brown planthopper, indicating that it does not crossreact with the other ribosomal proteins (data not shown). When samples were irradiated by near UV-light, no band larger than the RPS25 were detected in the *Drosophila* 40S subunit ([Figure 3](#F3){ref-type="fig"}, lane 1) or in samples of native PSIV IRES with the 40S ([Figure 3](#F3){ref-type="fig"}, lane 2). In contrast, samples containing the 40S subunit and the s^4^U-labeled PSIV-IRES showed several bands at positions above rpS25 ([Figure 3](#F3){ref-type="fig"}, lane 3). Because irradiation to a sample containing 40S subunit and the s^4^U-labeled EMCV IRES did not produce any larger protein bands ([Figure 3](#F3){ref-type="fig"}, lane 4), the larger proteins present in lane 3 must be crosslinked products specific to the s^4^U incorporated in the PSIV IRES. We therefore concluded that domains 1--2 of the IGR-IRES of PSIV interact with rpS25. Figure 3.Evidence of contact between the s^4^U-labeled IGR-IRES of PSIV and the rpS25 protein of *Drosophila. Drosophila* 40S ribosomes were mixed with each RNA and irradiated with a near-UV lamp. After partial RNase A digestion, the reaction mixtures were separated on SDS-polyacrylamide (15%) gels and rpS25 proteins were detected by western blot. Lane 1, 40S ribosome with no irradiation; lane 2, 40S ribosome irradiated with unlabeled PSIV IRES; lane 3, 40S ribosome irradiated with s^4^U-labeled PSIV IRES; lane 4, 40S ribosome irradiated with s^4^U-labeled EMCV IRES. The position of the rpS25 protein is marked on the right. Asterisks indicate the positions of crosslinked rpS25 proteins in lane 3.

Assignment of the uridine residues in the PSIV IRES interacting with RPS25
--------------------------------------------------------------------------

Domains 1--2 of the PSIV IRES contain 22 uridine residues in the single-stranded regions ([Figure 4](#F4){ref-type="fig"}). To identify uridine residues that were crosslinked to rpS25, we constructed mutants of domains 1--2 in which the single-stranded uridine residues were replaced with adenine or cytosine residues ([Figure 4](#F4){ref-type="fig"}). Previous mutational analysis of regions such as AUUU~6111--6114~ to UAAA in the CrPV IRES ([@B7]) slightly decreased the binding affinity of the element to the 40S subunit, suggesting that the IGR-IRES and the 40S subunit have multiple contacts site and that partial mutation of the IRES would not inhibit its binding to the 40S subunit. [Figure 5](#F5){ref-type="fig"} shows radiographs of 2D gels of proteins crosslinked to the mutant IRES elements. The signal of rpS25 was most intense in the radiographs of [Figure 5](#F5){ref-type="fig"}A--F,I; however, it was weakened in those of [Figure 5](#F5){ref-type="fig"}G and H, in which UUU~6089--6091~ and UU~6096--6097~ were mutated, respectively. Nucleotides UUU~6089--6091~ in PSIV are located in domain 2b ([Figure 1](#F1){ref-type="fig"}), and all of the known dicistroviruses conserve this loop sequence ([@B20]), indicating that these uracils have an important role in IRES function. By contrast, UU~6096-6097~ are located in a loop region in domain 2b ([Figure 1](#F1){ref-type="fig"}); these two uracils are conserved in this region in eight viruses, but a single uracil is present in five viruses. Because hydroxyl radical probing analysis in the presence of Mg^2+^ ions has indicated that the loop sequence connecting domains 2a and 2b (nt 6096--6100 in PSIV) constitutes part of the tightly packed core of the IRES ([@B22]), nucleotides UU~6096--6097~ are probably not exposed to the solvent. In addition, two of our previous mutational analyses in this connecting region, ACC~6098--6100~ to GGG or UUU, both abolished IRES-mediated translation ([@B5],[@B9]). These experimental results implied that mutation H ([Figure 4](#F4){ref-type="fig"}) may affect the structure of the IRES. When the secondary structure of mutant H was monitored by DMS probing, non-specific terminations were observed in the domain 2b region (see Supporting Data S1) in comparison to the wild-type IRES ([@B9]), suggesting that mutant H is structurally distorted. We thus conclude that the absolutely conserved domain 2b loop is located proximately to rpS25. Because the signal corresponding to signal 7 in [Figure 5](#F5){ref-type="fig"}G had not completely disappeared, nucleotides UU~6096--6097~ must also make contacts with rpS25. Figure 4.Base substitutions in the single-stranded regions of domains 1--2 of the PSIV IRES to identify uridine residues that crosslink to the 40S ribosomal proteins. Mutations indicated by A--I correspond to the mutant IRES elements used in the experiments in [Figure 5](#F5){ref-type="fig"}. To facilitate T7 transcription and HindIII digestion, the 5′ and 3′ terminal sequences were modified from the native sequence shown in [Figure 1](#F1){ref-type="fig"}. Figure 5.Identification of uracil residues of the IRES that interact with rpS25. Shown are autoradiographs of second-dimension gels separating the *Drosophila* 40S ribosomal proteins crosslinked with domain 1--2 mutants of the PSIV IRES containing s^4^U. Signals corresponding to the rpS25 are circled by broken lines. (**A**) U6012A+U6015A+U6017A mutation; (**B**) UU6031AA+UUU6036-8AAA mutation; (**C**) UU6044-5AA mutation; (**D**) UU6062-3AA+U6066A mutation; (**E**) UU6073-4AA mutation; (**F**) UU6082-3CC mutation; (**G**) UUU6089-91AAA mutation; (**H**) UU6096-7CC mutation and (**I**) U6130A mutation.

IGR-IRES contact sites on the 40S ribosome
------------------------------------------

The cryo-electron microscopy study of CrPV IRES--human ribosome complex revealed that the IRES is located at the E-, and P-sites and at part of the A-site on the 40S and 80S ribosomes ([@B12]). Domain 3 mimics a tRNA-mRNA codon-anticodon pairing to determine the reading frame to be translated. Previous biochemical analyses have shown that domain 3 is functionally independent of domains 1--2, which have a major role in binding to the 40S ribosome ([@B7],[@B9],[@B22]). Hydroxyl radical cleavage analyses show that the domain 3 region faces the docked site of eIF1 on the 40S ribosome ([@B10]). In addition, helix 30, which is known to contain the contact site for the anticodon stem loop of the P-site tRNA ([@B24]), also contacts part of the CrPV IRES, which is extended from the head of the E-site to the P-site ([@B12]). These observations suggest that part of domain 3, which cannot be reached by hydroxyl radicals from eIF1, is likely to be close to helix 30. A few nucleotides around 6172 or 6195 in CrPV, similarly those around 6148 or 6171 in PSIV, may be candidates for interacting with helix 30.

The cryo-electron microscopy study also revealed that the CrPV-IRES interacts with rpS5 ([@B12]). To estimate whether our crosslinking signals involve rpS5, ribosomal proteins laying in positions that could be extrapolated to signals 2 and 3 were identified by mass spectrometry ([Figure 2](#F2){ref-type="fig"}B and C); the other four signals (signals 1, 4, 5 and 6) were assumed to have molecular masses inconsistent with rpS5. A database search of the protein spots analyzed identified rpS2, rpS4 and rpS6, but not rpS5. This observation suggests that rpS5 may interact with IGR-IRES via nucleotides other than uracils. rpS5 has also been shown to interact with the IRES of hepatitis C virus (HCV) ([@B25]). Recently, studies using a reconstituted eukaryotic translation system have indicated that the HCV IRES can initiate translation in the absence of eIFs at higher concentrations of divalent ions ([@B26]). Because the IRES elements of CrPV and HCV are located at the mRNA cleft of the 40S ribosome ([@B12],[@B27]), both IRES elements probably interact with the same ribosomal protein, rpS5.

rpS25 showed the strongest interaction with the PSIV IRES. The exact position of rpS25 on the ribosome is unknown, because there is no prokaryotic counterpart of this protein and the crystal structure of a eukaryotic ribosome has not been solved. However, rpS25 of the rat liver ribosome lies adjacent to rpS5 and is present at the decoding site of the ribosome ([@B28]). Because the domain 2 region of the PSIV IRES alone can bind to the 40S ribosome and the domain 2b stem-loop showed the strongest protection from chemical probes in the presence of the 40S ribosome ([@B9]), the rpS5 and rpS25 proteins should be two of the most important components of the 40S ribosome involved in forming the IRES--40S ribosome complex. The postulated interaction between the IRES and rpS25 is consistent with the results of the cryo-electron microscopy study and with hydroxyl radical cleavage, in which domains 1--2 of the CrPV IRES occupy the E-site of the ribosome. These observations suggest that interaction with rpS25 is likely to be important for IGR-IRES elements to dock on the ribosome.

Very recently, cryo-EM reconstruction of the CrPV IRES bound to yeast ribosome ([@B29]) and a tertiary structure of domain 1--2 of the PSIV IRES ([@B30]) are reported. The tertiary structure of the PSIV domain 1--2 shows that the two conserved loop regions, the AUUU loop and the CAGCC loop are located closely ([@B30]). A docked model with previous cryo-EM model ([@B12]) indicated that the two conserved loops contact with the rpS5 ([@B30]). While the recent cryo-EM reconstitution reports that the AUUU loop contacts with yeast rpS5, and that the CAGCC loop contacts with rpSX, a ribosomal protein with unknown identity ([@B29]). Our biochemical results indicate that the AUUU loop contacts with the rpS25, but not with rpS5. A plausible explanation for this conflict is that the rpSX in the recent cryo-EM reconstitution may be rpS25 and that rpS25 and rpS5 together form contact surfaces of 40S ribosome. This conflict would be elucidated by further biochemical experiments that identify the protein in contact with the CAGCC loop.

RNA--protein interaction is important for IRES--ribosome binding
----------------------------------------------------------------

The IGR-IRES elements of dicistroviruses form specific contacts with the ribosomal P- and E-sites in the absence of proteinous eIFs ([@B4],[@B7],[@B8]). In addition, after initial binding to the 40S ribosome, the IGR-IRES manipulates the structural conformation of the ribosome into an elongation mode in the presence of 60S ribosome ([@B12]). Indeed, a reconstituted translation system has shown that IGR-IRES-mediated translation can start in the absence of eIFs ([@B8],[@B31],[@B32]). These features raise the question of whether the IGR-IRES is a candidate relict of an ancient translation system ([@B33],[@B34]). It has been generally accepted that the functions of RNAs have been substituted by those of proteins during the process of evolution. Indeed, structure analyses of translational apparatus suggest that some mitochondrial tRNAs lack a T-arm or D-arm and that the deletion of these structures has been compensated by part of a prolonged EF-Tu protein ([@B35]). In addition, functional replacement of shortened ribosomal RNA with additional ribosomal proteins is observed in mitochondrial 30S ribosomes ([@B36]).

We first targeted the 18S rRNA for interaction sites of the IGR-IRES because the IGR-IRES appears to exclude protein functions for translation initiation. Our chemical modifications and crosslink analyses, however, did not detect affirmative interaction sites on the 18S rRNA. In contrast, the s^4^U-labeled IGR-IRES interacted with several ribosomal proteins ([Figure 2](#F2){ref-type="fig"}B). These features resemble the interactions between the 40S ribosome and the HCV IRES ([@B37],[@B38]). Our previous analysis ([@B9]) might also suggest that binding between the IGR-IRES and 40S ribosomes probably depends on RNA--protein interactions because hydroxyl radical probing is unlikely to detect RNA--RNA interactions that are exposed to the solvent side of a packed RNA structure ([@B22]). Taken together, these facts indicate that the IGR-IRES does not require the effects of protein-based eIFs but utilizes eukaryotic ribosomal proteins for ribosome recognition.

How did the IGR-IRES emerge?
----------------------------

The host organisms of dicistroviruses are invertebrates. Most viruses infecting invertebrates, such as baculoviruses and cytoplasmic polyhedrosis viruses, have occluded proteins that protect virions from environmental inactivation. Dicistroviruses, however, do not produce occluded proteins. Although it has been indicated that CrPV can survive in soil containing suitable components ([@B39]), most dicistroviruses are likely to be forced to continue cycling between replication and transmission. This implies that dicistroviruses are forced to multiply more rapidly and abundantly. As a result, dicistroviruses have accumulated evolutional variations and finally might have armed themselves with the IGR-IRES that intensifies capsid production. In addition, the protein with the strongest interaction, rpS25, does not have prokaryotic counterparts, which explains why bacterial ribosomes cannot recognize the IGR-IRES. These facts give rise to another model in which the IGR-IRES is a translation apparatus that developed for the survival of dicistroviruses, rather than the relict of a primitive translation system.

SUPPLEMENTARY DATA
==================

Supplementary Data is available at NAR Online.
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